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Abstract

Regional biomechanical and biochemical properties of bovine cartilaginous endplate (CEP) and its
role in disc mechanics and nutrition were determined. The equilibrium aggregate modulus and
hydraulic permeability between the central and lateral regions were examined by confined
compression testing. Biochemical assays were conducted to quantify the amount of water,
collagen, and glycosaminoglycan (GAG). The equilibrium aggregate modulus of the CEP in the
central region (0.23+0.15 MPa) was significantly lower than for the lateral region (0.83+0.26
MPa). No significant regional difference was found for the permeability of the CEP (central
region: 0.13+0.07x10715 m*#/Ns and lateral region: 0.09+0.03x10715 m#/Ns). CEPs were an
average of 75.6% water by wet weight, 41.1% collagen, and 20.4% GAG by dry weight in the
central region, as well as an average of 70.2% water by wet weight, 73.8% collagen, and 11.7%
GAG by dry weight in the lateral region. Regional differences observed for the equilibrium
aggregate modulus were likely due to the regional variation in biochemical composition. The
lateral bovine endplate is much stiffer and may share a greater portion of the load. Compared with
the nucleus pulposus (NP) and annulus fibrosus (AF), a smaller hydraulic permeability was found
for the CEP in both the central and lateral regions, which could be due to its lower water content
and higher collagen content. Our results suggest that the CEP may block rapid fluid exchange and
solute convection, allow pressurization of the interstitial fluid, and play a significant role in
nutrient supply in response to loading.
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INTRODUCTION

The degenerative changes in the intervertebral disc (IVD) and disc herniation have been
implicated as possible primary etiologic factors for low back pain (LBP) (Deyo, 1986;
Luoma et al., 2000; Morinaga et al., 1996; Videman and Nurminen, 2004). A thin layer of
hyaline cartilage endplate (CEP), which surrounds the cranial and caudal surfaces of the
central regions of the disc, is critical for disc health by helping to resist disc herniation or
tears (Harada and Nakahara, 1989; Lama et al., 2014; Rajasekaran et al., 2013). Abnormal
loading may cause CEP damage and internal disc disruption, which then may initiate disc
degeneration or the herniation processes (Adams and Hutton, 1982; Callaghan and McGill,
2001; Veres et al., 2010). CEP damage was also found to be strongly correlated with the
onset of innervation in the bony endplate layer (interface between vertebral body and CEP)
(Fields et al., 2014a). Mechanical and chemical stimuli may further sensitize the nerves
under this pathological condition leading to the main cause of LBP (Cox, 1990; Koike et al.,
2003; Lotz and Ulrich, 2006). Therefore, damage to the CEP may play an irreplaceable role
in the progression of disc degeneration and LBP.

Due to the avascular nature of the disc, the nutrients that disc cells require for maintaining
disc health are supplied by blood vessels at the margins of the disc. Two possible pathways
for nutrient transport into the IVD include through the CEP as well as through the perianular
region of the disc (Nachemson et al., 1970). Most in vivo studies (using animal models) and
in vitro studies suggest that the endplate route is the main pathway for exchange of fluid and
solutes between the nucleus pulposus (NP) [and inner annulus fibrosis (AF)] and
surrounding blood vessels (Holm et al., 1981; Maroudas et al., 1975; Nachemson et al.,
1970; Ogata and Whiteside, 1981; Urban et al., 1982). As a result of calcification, the water
content/porosity of the CEP as well as its transport properties (lower hydraulic permeability
and solute diffusivity) would be dramatically decreased (Gu and Yao, 2003; Gu et al., 2004;
Roberts et al., 1993). The transport of nutrient solutes and metabolites such as glucose/
oxygen inflow and lactate outflow may be hindered to a greater extent in a disc with a
calcified CEP, than in a disc with a normal CEP (Roberts et al., 1996; Wu et al., 2013). By
contrast, a degenerated or damaged CEP may have an inverse effect due to the loss of
proteoglycan or small lesions in its extracellular matrix (ECM) (Johnstone and Bayliss,
1995; Rajasekaran et al., 2004; Urban and McMullin, 1988). It could “open up” the channels
and accelerate the inflow of cytokines or enzymes, which have deleterious effects on the
behavior of the disc cells (Koike et al., 2003; Roberts et al., 1996). Therefore, knowledge of
the mechanical and transport properties of the CEP is crucial for understanding the
mechanisms of disc mechanics, nutrition, and degeneration.

A previous study suggests that the average equilibrium tensile modulus of normal human
CEP is similar to that of femoral articular cartilage (AC) in adults (Fields et al., 2014b). The
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compressive modulus of the baboon CEP is also found to be within the same range as that in
bovine and human AC, while the hydraulic permeability of the baboon CEP is two orders of
magnitude higher than that of human AC (Setton et al., 1993). By contrast, the permeability
coefficient of human CEP is found to be about 1/3 and 1/10 of that in human AF and
cartilage (Maroudas et al., 1975). Compared with NP and AF tissue, previous studies also
indicated that CEP has a unique 3D morphology, inhomogeneous biochemical composition,
and regional dependent solute diffusion rate (Fields et al., 2014b; Rajasekaran et al., 2004;
Rajasekaran et al., 2008; Rajasekaran et al., 2010; Roberts et al., 1989; Roberts et al., 1996).
Therefore, we hypothesized that the biphasic viscoelastic properties of the CEP may also be
regional dependent. Due to the scarcity of normal human tissue as well as previous studies
having shown that the bovine is an appropriate animal model to study human IVD
biomechanics and biology, healthy bovine CEP was chosen for this study (Demers et al.,
2004; Oshima et al., 1993). Specifically, we will determine the compressive aggregate
modulus, swelling pressure, and hydraulic permeability of the bovine cartilage endplate in
the central and lateral regions, and further characterize its related biochemical composition.

MATERIALS AND METHODS

Mechanical characterization

Bovine (2-3 years old; male) cartilaginous endplates were harvested at both the superior and
inferior surfaces between C2-3 and C3-4 from bovine tails obtained from a local
slaughterhouse within 4 hours of death. First, the discs were opened through the median
plane with a scalpel, then using an 8 mm corneal trephine, cylindrical disc tissue plugs
including the bone were obtained from both the central and lateral regions of the bovine disc
(Figure 1A&B). The plugs were immediately wrapped in a plastic membrane and gauze
soaked in a normal saline solution with protease inhibitors and stored at —80°C for less than
one week.

Before mechanical testing, the disc plugs were thawed at room temperature for 10 minutes
and care was taken when separating the disc tissue from the bone under a dissecting
microscope. A sledge microtome was used to carefully remove the NP or AF tissue
(relatively more transparent than the CEP tissue) from the CEP to prepare disc shaped
samples with an average height of 0.6 mm. The thickness of the CEP has been found to be
approximately 0.6 mm in our histological study as well as in the literature (Roberts et al.,
1989). The sample was then punched by a 5 mm corneal trephine and immediately used for
mechanical testing to prevent swelling. In total, fourteen morphologically healthy bovine
CEPs in the central region and eighteen bovine CEPs in the lateral region (total disc motion
segments: n=7; tails: n=4) were sectioned and used for mechanical testing.

A Dynamic Mechanical Analyzer (DMA Q800, TA Instruments, New Castle, Delaware,
USA) was used for the mechanical tests. The DMA displacement and force measurement
precision was 0.1 um and 0.1 mN, respectively. A test chamber was designed for confined
compression testing (Figure 1C). A polished stainless steel confined ring was used to
prevent radial deformation. The specimens were then compressed axially by the test probe
(5 mm diameter) on top and a rigid porous permeable porous platen (20 um average pore
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size) on the bottom (Kuo et al., 2010; Soltz and Ateshian, 2000; Yao et al., 2002). Figure 1D
schematically shows the mechanical testing protocol.

Similar to the mechanical testing protocol in our previous studies on VD tissues, hydrogels,
and temporomandibular joint (TMJ) discs (Gu et al., 2003; Kuo et al., 2010; Yao et al.,
2002), the specimens were first subjected to a minute compressive tare load (0.01 N) to
measure initial height. Then, phosphate buffered saline (PBS) was carefully injected into the
testing chamber and the equilibrium swelling pressure of the specimen (after ~40 minutes)
was measured with the probe position held constant at the initial height. Secondly, a creep
test (2 hours) was performed by applying a stress equal to 1.2 times the equilibrium stress at
the initial height. The criterion for choosing the amplitude of load for the creep test was
based on the fact that the resultant creep strain at the end of the test was on average 3-4%.
This small creep strain was chosen to satisfy the assumption of the linear biphasic theory for
the following curve fitting. By curve-fitting the creep data to the biphasic theory developed
by Mow et al.(Mow et al., 1980), the equilibrium compressive aggregate modulus (Hp) and
hydraulic permeability coefficient (k) were determined for the CEP.

Histological study

Sagittal and frontal slices were taken from the disc plugs, which were harvested from the
central and lateral regions in another four disc motion segments (Tails: n=2) for histological
study. The segments were rapidly fixed in 10% neutral buffered formalin, decalcified, and
paraffin wax embedded. Ehrlich’s hematoxylin and eosin (H&E) was used with the wax
sections (7 um) in order to study morphological characteristics of the CEP.

Biochemical analysis

During the preparation of CEP samples for mechanical testing, it was found that the CEP
tissue may swell dramatically once immersed in PBS or even while thawing in air under
room temperature. Accordingly, the CEP samples were directly transferred into the confined
chamber for creep testing without any extra weight measurements. Therefore, four fresh disc
motion segments from an additional two bovine tails were dissected for biochemical studies.
CEPs in the central and lateral regions (n=8/each region) from both the superior and inferior
surfaces of the disc, as well as adjacent NP and AF tissue (control groups; n=8/each region)
were harvested and lyophilized (Figure 1A&B). The water content was determined using the
difference between the wet and dry tissue weight, which was divided by the wet weight.

The lyophilized tissue was then assayed for total collagen and glycosaminoglycan (GAG)
content. A modified chloramine-T hydroxyproline assay (Bergman and Loxley, 1970) was
used to determine the total collagen content (ug collagen/ug dry tissue, unit: %). Collagen
standards (Accurate Chemical and Scientific Corporation, Westbury, NY) were chosen for a
more direct comparison instead of using hydroxyproline standards. The Blyscan
Glycosaminoglycan Assay kit (Biocolor, Newtonabbey, Northern Ireland) was used to
determine the total glycosaminoglycan (GAG) content based on 1,9-dimethylmethylene blue
dye binding, with standards provided by the manufacturer.
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Statistical analysis

RESULTS

Linear mixed effects models were fit to each of the mechanical and biochemical outcomes to
assess for differences by disc region. The models allowed for error heterogeneity by disc
region and three increasingly complex dependence structures, i.e. dependence among
measures from the same animal, the same disc within animal, and the same surface within
disc. Likelihood-based model selection supported the need to accommodate the error
heterogeneity for all but swelling pressure and water content, but did not additionally
support within-animal dependence. Thus all outcomes were modeled using ANOVA by
region with heterogeneous variance fit by restricted maximum likelihood using the package
nime (Pinheiro et al., 2015) in R (R Core Team, 2015). Outcomes were summarized using
model-based averages and standard deviations, and regional differences were assessed by
model-based significance testing; adjusted p-values (Holm, 1979) are reported. Statistical
differences were reported at p-values < 0.05.

General morphology and histological appearance

All of the bovine discs used in this study were dissected and morphologically examined. All
discs were classified as Grade | or Il (Thompson grading system) (Thompson et al., 1990).
The lamellae structure in the AF region was visible and the NP was gelatinous. A thin
hyaline cartilage layer called the CEP was found between the interface of the disc and bone.
The CEP, as well as the NP and AF tissue, swelled immediately once exposed to the PBS
solution. Based on our histology study, the cell density in the CEP layer was much higher
than that in both the NP and AF regions (Figure 2). The average thickness of the CEP was
approximately 0.6 mm. The collagen fibers in the CEP from both the central and lateral
regions were more compacted than those in the NP and AF tissues, respectively. The
collagen fibers from the AF also seemed to continue into the lateral endplate.

Creep compression behavior

The initial heights of the CEPs were measured by the DMA before the creep test (central
CEP: 0.60£0.07 mm, n=14; lateral CEP: 0.59+0.08 mm, n=18). The creep data were well
fitted to the biphasic theory to determining the equilibrium compressive aggregate modulus
and hydraulic permeability (Figure 3). A significant regional difference was found for the
aggregate modulus in the CEP; 0.23£0.15 MPa in the central region was approximately 1/3
of that in the lateral region (0.83+0.26 MPa) (Figure 4A; p<0.0001). No significant regional
differences were observed for the hydraulic permeability in the CEP (central region:
0.13+£0.07x10715 m#/Ns and lateral region: 0.09+0.03x10~1%> m#/Ns; p=0.071) (Figure 4B).
A significant regional difference was also found for the swelling pressure in the CEP
(central region: 0.09+0.05 MPa and lateral region: 0.21+0.07 MPa; p<0.0001).

Biochemical composition

The water content (% wet weight), total collagen content (% dry weight), and total GAG
content (% dry weight) of bovine CEP as well as NP and AF were shown in Figure 5. A
significant regional difference was found for water content in the CEP between the central
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and lateral regions (central region: 75.6+3.1% and lateral region: 70.2+1.8%; p=0.004).
Compared with that in the NP region (79.4£2.0%), the mean water content in the CEPs from
both central and lateral regions (72.9+3.7%) was significantly lower (p<0.0001).

A significant regional difference was also found for GAG content in the CEP between the
central and lateral regions (central region: 20.4+3.1% and lateral region: 11.7+2.1%;
p<0.0001). Compared with that in the NP region (26.7+5.8%), the mean GAG content in the
CEPs from both the central and lateral regions (16.1+5.1%) was significantly lower
(p=0.0006). For collagen content, a significant regional difference was also found in the
CEP between the central and lateral regions (central region: 41.1+9.5% and lateral region:
73.8+10.8%; p<0.0001). Compared with that in the NP region (28.5+4.6%), the mean
collagen content in the CEPs from both central and lateral regions (57.5+19.2%) was
significantly higher (p<0.0001).

DISCUSSION

The objective of this study was to investigate the regional viscoelastic properties of bovine
cartilaginous endplate and determine its role in disc mechanics and nutrition. The linear
biphasic model was used to curve fit the confined compression results with an average R?
value of 0.993 (Mow et al., 1980). It indicates that the biphasic theory can well model the
creep behavior of bovine cartilaginous endplate. A regional variation was found for the
aggregate modulus between the central and lateral regions in the CEP, indicating that the
lateral region of the bovine endplate is much stiffer and might share a greater portion of the
load in the disc.

The average hydraulic permeability of bovine CEP in this study is substantially different
from that observed in the NP and AF (Figure 4B), although no significant regional variation
was found for the hydraulic permeability of bovine CEP. The average hydraulic
permeability of bovine CEP is 0.11x10715 m#/Ns, which is about 1/6 of that in bovine NP,
1/2 of that in bovine and human AF, 1/20 of that in bovine AC, and 1/10 of that in human
AC (Table 1). It suggests that, due to the small hydraulic permeability, the cartilaginous
endplate blocks rapid fluid exchange and allows pressurization of the interstitial fluid in
response to loading. Furthermore, as shown in the literature, the cartilage endplate also plays
a significant role in preventing the disc from swelling with its intrinsic tensile resistance
(high stiffness of collagen fibrils and entangled GAGs) (Fields et al., 2014b; Veres et al.,
2010; Vernon-Roberts et al., 2007). The nucleus pulposus contains a high density of fixed
negative charges which are bonded with proteoglycans in the ECM. It could cause a high
swelling pressure which helps to sustain the compressive load in the spine (Gu et al., 2003;
Urban and McMullin, 1985). The AF is formed by a series of concentric encircling lamellae,
which could provide a strong resistant tensile force to prevent the whole disc from swelling
(Inoue, 1981; Yu et al., 2005). As shown in this study, the cartilage endplates above and
below the disc play a significant role in IVD load supporting mechanisms by allowing
pressurization of the interstitial fluid and maintaining swelling pressure in the disc.

The significantly lower hydraulic permeability found in the CEP could block the nutrient
solutes or the proteoglycan fragment outflow caused by the rapid convection under
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mechanical loading. Together with the low solute diffusivities of the CEP found in the
literature, this study suggested that the CEP could act as a gateway for solute transport into
the disc and help to maintain a constant physiological nutrient and ECM ionic environment
inside the 1VD (Maroudas et al., 1975; Moon et al., 2013; Nachemson et al., 1970; Roberts
etal., 1996; Urban et al., 2004). Furthermore, the CEP could play an important role in
preventing angiogenesis progression into the human 1D by blocking the rapid diffusion of
angiogenic molecules such as vascular endothelial growth factor (VEGF) into the disc
(Fields et al., 2014a; Karamouzian et al., 2010; Koike et al., 2003; Lama et al., 2014; Lotz
and Ulrich, 2006).

The central region of the bovine CEP had a lower aggregate modulus and swelling pressure
than that in the lateral region, which could be correlated with their different biochemical
compositions (higher water content in the central region of the CEP). These results are
consistent with the inverse relationship between aggregate modulus and the water content
found in the literature (Perie et al., 2006). This observation supported the hypothesis that
water content is generally a stronger determinant of material properties than the GAG
content (Perie et al., 2006). In this study, hydraulic permeability in the central CEP is higher
than that in the lateral CEP, although it is not statistically significant (p=0.071).
Correspondingly, the water content is higher in the central CEP than in the lateral CEP.
Similarly, the correlation between hydraulic permeability and water content was found in
bovine NP and AF, and porcine AF in the literature (Gu and Yao, 2003; Maroudas, 1975;
Perie et al., 2006).

Due to the scarcity of human disc tissue, bovine 1VD has previously been used as an
alternative source for the study of disc metabolism, function, and biomechanics (Aguiar et
al., 1999; Horner et al., 2002; Horner and Urban, 2001; Ohshima et al., 1995; Race et al.,
2000). Although some structural differences have been found in the annular wall as well as
the curvature of the vertebral body, the overall structure of the bovine disc is similar to the
young and healthy human IVD (Demers et al., 2004; Race et al., 2000; Simunic et al., 2001).
The biochemical composition of bovine discs has also been found to be similar to the human
disc (Urban and McMullin, 1988; Urban and Roberts, 2003). Furthermore, it is reported that
the biphasic mechanical properties as well as the resting stress of bovine AF are in the same
range of that in the human AF (Drost et al., 1995; latridis et al., 1998; Perie et al., 2005). In
this study, the biochemical composition (average water, GAG, and collagen contents) in the
control groups (bovine NP and AF) was found to be consistent with that in the literature
(Demers et al., 2004; Perie et al., 2006). Therefore, the bovine disc could be considered as a
good animal model (Demers et al., 2004) for the study of biphasic mechanical properties of
human cartilage endplate while normal human CEP tissue is too rare to collect.

In this study, the confined swelling condition, instead of the free swelling condition, was
chosen to represent the physiological water content in the CEP. In addition, during the
sample preparation, the CEP swelled dramatically once immersed in the PBS or even while
being thawed in the air under room temperature. Therefore, the sample was immediately
moved into the confined chamber following the microtome preparation. There may have
been a small amount of GAG leakage from the tissue into the PBS solution after the
confined compression test. This may have introduced some error to the measured
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mechanical parameters, however this effect was expected to be small (Perie et al., 2006). In
our histological study, the thickness of the CEP was found to be approximately 0.6 mm,
which is consistent with that in the literature (the human CEP: 0.62+0.29 mm and thickness
of baboon CEP: 0.81+0.26 mm) (Roberts et al., 1989; Setton et al., 1993). Therefore,
attention was taken while preparing the CEP samples using the microtome to maintain the
initial thickness of the sample as close to 0.6 mm.

In summary, the regional biomechanical and biochemical characterizations of the bovine
CEP were investigated to address the lack of data on CEP tissues currently available in the
literature. Based on our initial gross observation, the histological, biochemical, and
mechanical characterizations confirmed that a layered structure of hyaline cartilage exists on
the top and bottom of the bovine disc. Second, due to the higher aggregate modulus and
swelling pressure found in the lateral region of the CEP, the lateral bovine endplate may be
much stiffer than the central endplate and may share a greater portion of the load. This
characteristic could be linked to the lower water content determined in the lateral region of
the CEP. This observation confirmed a previous hypothesis that the water content is
generally a stronger determinant of tissue material properties than GAG content (Perie et al.,
2006). Third, compared with the NP and AF, a smaller hydraulic permeability was found in
the CEP, which indicated that the CEP could block rapid solute convection and allow
pressurization of the interstitial fluid in response to loading. In conclusion, our results
indicate that the CEP may act as a mechanical barrier to help sustaining mechanical loading
as well as a gateway for nutrition supply and preventing angiogenesis.
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Figure 1.
(A) Disc motion segments in the bovine tail used in this study. (B) Schematic of specimen

preparation. The region and size of test specimens are shown. (C) Schematic of the confined
compression test chamber. (D) Schematic of the mechanical testing protocol.
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Figure 2.
Histological section of bovine C2-3 (original magnification x10), showing (A) the nucleus

pulposus (NP), the cartilage endplate (CEP), and the vertebral body (VB) and (B) the
annulus fibrosus (AF), the CEP, and the VB.
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Figure 3.

Typical biphasic creep behavior of a bovine CEP. A good agreement is shown between the
theoretical prediction and the experimental result.
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Figure 4.

Comparison of aggregate modulus Ha (A) and permeability k (B) of bovine CEP
determined in this study (CEP-Central and CEP-Lateral) and bovine IVD tissue found in the
literature (NP and AF) (Perie et al., 2005). For the aggregate modulus, a significant regional
variation was detected in the CEP between the central and lateral regions (*p<0.0001;
Central: n=14; Lateral: n=18). The aggregate modulus of the CEP in the central and lateral
regions were comparable with that of the NP and AF, respectively (I"] p < 0.05 (Perie et al.,
2005)). For hydraulic permeability, no significant regional variations were detected in the
CEP between the central and lateral regions (p=0.071). Compared with that in the NP and
AF (Perie et al., 2005), the permeability in the CEP is found to be much smaller.
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Figure 5.

Results of biochemical assays measuring water content (A), total collagen content (B), and
total GAG content (C) for each region of the bovine IVD. Significant differences were
detected for water, collagen, and GAG contents between the NP, AF, and CEP. Regional
differences were also found for water, collagen, and GAG contents in the CEP between the
central and lateral regions (*p values are lower than 0.05 as shown in the biochemical
composition section; n=8 each group).
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Biphasic viscoelastic properties (aggregate modulus and hydraulic permeability: mean + SD) of CEP, other
disc tissues (NP and AF), and articular cartilage (AC) tissues.

Aggregate modulus (MPa)  Permeability (10715 m*/Ns) Method Species Reference
0.23+0.15 0.13+0.07 Confined compression ~ Central CEP This study
0.83+0.26 0.09+0.03 Confined compression  Lateral CEP This study
0.31+0.04 0.67+0.09 Confined compression ~ Bovine NP (Perie et al., 2005)
0.74+0.13 0.23+0.19 Confined compression ~ Bovine AF (Perie et al., 2005)
0.56+0.21 0.21+0.10 Confined compression ~ Human AF (latridis et al., 1998)
0.40+0.14 2.70+£1.50 Confined compression ~ Bovine AC (Ateshian et al., 1997)

~0.60 ~1.48 Indentation Human AC (Froimson et al., 1997)
1.15+0.50 0.71+0.36 Indentation Human AC  (Athanasiou et al., 1994)
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